JNK1, JNK2, and JNK3
The JNKs were isolated and characterized as stress-activated protein kinases on the basis of their activation in response to inhibition of protein synthesis (8) . The JNKs were then discovered to bind and phosphorylate the DNA binding protein c-Jun and increase its transcriptional activity. c-Jun is a component of the AP-1 transcription complex, which is an important regulator of gene expression. AP-1 contributes to the control of many cytokine genes and is activated in response to environmental stress, radiation, and growth factors -all stimuli that activate JNKs. Regulation of the JNK pathway is extremely complex and is influenced by many MKKKs. As depicted in the STKE JNK Pathway Connections Map, there are 13 MKKKs that regulate the JNKs. This diversity of MKKKs allows a wide range of stimuli to activate this MAPK pathway. JNKs are important in controlling programmed cell death or apoptosis (9) . The inhibition of JNKs enhances chemotherapy-induced inhibition of tumor cell growth, suggesting that JNKs may provide a molecular target for the treatment of cancer.
JNK inhibitors have also shown promise in animal models for the treatment of rheumatoid arthritis (10) . The pharmaceutical industry is bringing JNK inhibitors into clinical trials for both diseases.
p38 Kinases
There are four p38 kinases: ␣, ␤, ␥, and ␦. The p38␣ enzyme is the most well characterized and is expressed in most cell types. The p38 kinases were first defined in a screen for drugs inhibiting tumor necrosis factor ␣-mediated inflammatory responses (11) . The p38 MAPKs regulate the expression of many cytokines. p38 is activated in immune cells by inflammatory cytokines and has an important role in activation of the immune response. p38 MAPKs are activated by many other stimuli, including hormones, ligands for G protein-coupled receptors, and stresses such as osmotic shock and heat shock. Because the p38 MAPKs are key regulators of inflammatory cytokine expression, they appear to be involved in human diseases such as asthma and autoimmunity.
Recently, a major paradigm shift for MAPK regulation was developed for p38␣. The p38␣ enzyme is activated by the protein TAB1 (12) , but TAB1 is not a MKK. Rather, TAB1 appears to be an adaptor or scaffolding protein and has no known catalytic activity. This is the first demonstration that another mechanism exists for the regulation of MAPKs in addition to the MKKK-MKK-MAPK regulatory module. This important observation indicates that other adaptor proteins should be scrutinized for potential roles in regulating MAPK activity.
The importance of MAPKs in controlling cellular responses to the environment and in regulating gene expression, cell growth, and apoptosis has made them a priority for research related to many human diseases. The ERK, JNK, and p38 pathways are all molecular targets for drug development, and inhibitors of MAPKs will undoubtedly be one of the next group of drugs developed for the treatment of human disease (13 We have catalogued the protein kinase complement of the human genome (the "kinome") using public and proprietary genomic, complementary DNA, and expressed sequence tag (EST) sequences. This provides a starting point for comprehensive analysis of protein phosphorylation in normal and disease states, as well as a detailed view of the current state of human genome analysis through a focus on one large gene family. We identify 518 putative protein kinase genes, of which 71 have not previously been reported or described as kinases, and we extend or correct the protein sequences of 56 more kinases. New genes include members of well-studied families as well as previously unidentified families, some of which are conserved in model organisms. Classification and comparison with model organism kinomes identified orthologous groups and highlighted expansions specific to human and other lineages. We also identified 106 protein kinase pseudogenes. Chromosomal mapping revealed several small clusters of kinase genes and revealed that 244 kinases map to disease loci or cancer amplicons.
Ever since the discovery nearly 50 years ago that reversible phosphorylation regulates the activity of glycogen phosphorylase, there has been intense interest in the role of protein phosphorylation in regulating protein function. With the advent of DNA cloning and sequencing in the mid-1970s, it rapidly became clear that a large family of eukaryotic protein kinases exists, and the burgeoning numbers of protein kinases led to the speculation that a vertebrate genome might encode as many as 1001 protein kinases (1) . The near-completion of the human genome sequence now allows the identification of almost all human protein kinases. The total (518) is about half that predicted 15 years ago, but it is still a strikingly large number, constituting about 1.7% of all human genes. Protein kinases mediate most of the signal transduction in eukaryotic cells; by modification of substrate activity, protein kinases also control many other cellular processes, including metabolism, transcription, cell cycle progression, cytoskeletal rearrangement and cell movement, apoptosis, and differentiation. Protein phosphorylation also plays a critical role in intercellular communication during development, in physiological responses and in homeostasis, and in the functioning of the nervous and immune systems. Protein kinases are among the largest families of genes in eukaryotes (2-6) and have been intensively studied. As such, they made an attractive target for an initial in-depth analysis of the gene distribution in the draft human genome. Mutations and dysregulation of protein kinases play causal roles in human disease, affording the possibility of developing agonists and antagonists of these enzymes for use in disease therapy (7) (8) (9) . A complete catalog of human protein kinases will aid in the discovery of human disease genes and in the development of therapeutics.
Comprehensive Discovery of Protein Kinase Genes
Most protein kinases belong to a single superfamily containing a eukaryotic protein kinase (ePK) catalytic domain. We set out to identify all sequenced human ePKs by searching every available human sequence source ( public and Celera genomic databases, Incyte ESTs, in-house and GenBank cDNAs and ESTs) with a hidden Markov model (HMM) profile of the ePK domain (10) . This profile is sensitive enough to detect short fragments of even very divergent kinases that have little similarity to any single known kinase. We extended these fragments to full-length gene predictions using a combination of EST and cDNA data, Genewise homology modeling, and Genscan ab initio gene prediction; more than 90% of the new and extended sequences were verified by cDNA cloning. We also identified 13 atypical protein kinase (aPK) families. These contain proteins reported to have biochemical kinase activity, but which lack sequence similarity to the ePK domain, and their close homologs (10) . Some aPKs have structural similarity to ePK domains (11) . New aPKs were identified with the use of additional HMMs and Psi-Blast.
How Many Protein Kinases in the Genome?
We identified 478 human ePKs and 40 aPK genes (Table 1 and Fig. 1 
Classification and Phylogeny of the Human Kinome
To compare related kinases in human and model organisms and to gain insights into kinase function and evolution, we classified all kinases into a hierarchy of groups, families, and subfamilies. This extends the Hanks and Hunter (13) human kinase classification of five broad groups, 44 families, and 51 subfamilies by adding four new groups, 90 families, and 145 subfamilies (Table 1 and Phylogenetic comparison of the human kinome with those of yeast, worm, and fly (4) confirms that most kinase families are shared among metazoans and defines classes that are expanded in each lineage. Of 189 subfamilies present in human, 51 are found in all four eukaryotic kinomes, and these presumably serve functions essential for the existence of a eukaryotic cell. An additional 93 subfamilies are present in human, fly, and worm, implying that these evolved to fulfill distinct functions in early metazoan evolution. Comparison with the draft mouse genome indicates that more than 95% of human kinases have direct orthologs in mouse; additional orthologs may emerge as that genome sequence is completed.
The functions of human kinases can be inferred from family members in model organisms. For instance, the BRSK (brainselective kinase) family has two uncharacterized human members that are selectively expressed in brain. They are orthologous to worm SAD-1, which has a role in presynaptic vesicle clustering (14) , suggesting a conserved function. A highly conserved ascidian (chordate) homolog is also expressed in neural tissue and is asymmetrically localized to the posterior end of the embryo, suggesting a second role in embryonic axis determination (15) . Conversely, we identified four families with orthologs in human, fly, and worm where no functional data are available for any member. Their phylogenetic distribution hints at roles fundamental to metazoan biology of which we are still ignorant.
The human genome has approximately twice as many kinases as those of fly or worm, after idiosyncratic worm-specific expansions are trimmed (4). Accordingly, most kinase families have twice as many human members as they have in worm or fly. However, the expansion is not uniform: 25 subfamilies-including CDK5, CDK9, and Erk7-have just one member in each organism, indicating critical unduplicated functions. Conversely, substantial human expansions occurred in several families, with the most striking example being Eph family receptor tyrosine kinases (RTKs), where there are 14 genes in human and only 1 in fly and worm (Table 2) . These expanded families function predominantly in processes that are more advanced in human, such as the nervous and immune systems, angiogenesis, and hemopoiesis, as well as functions that are less obviously enhanced, such as apoptosis, MAPK signaling, calmodulin-dependent signaling, and epidermal growth factor (EGF) signaling.
Fourteen families are found only in human. The Tie family of RTKs are expressed in endothelial cells and function in angiogenesis, and the Axl RTKs (Axl, Mer, and Tyro3) function in both hemopoietic and neural tissues. The Trio and RIPK families have invertebrate homologs that lack kinase domains. They are involved in muscle function and apoptotic signaling via tumor necrosis factor (TNF), Fas, and NF-B, respectively. Lmr, NKF3, NKF4, NKF5, and HUNK are novel families whose functions are largely unknown, and BCR, FAST, G11, H11, and DNAPK are atypical kinases.
The human expansions of many of these families can be traced both to large duplications of multigene loci ("paralogons") and to local tandem duplications of smaller loci often containing just one gene. This supports recent findings that vertebrate genome complexity may derive from ancient large-scale duplications as well as a continuing series of smaller scale duplications (16 -18 ) . For instance, each of the four human epidermal growth factor receptors (EGFRs) maps close to one of the four HOX clusters, implying that the proposed double duplication of that cluster early in vertebrate evolution created the EGFR family from a single ancestral EGFR gene (19) . Similarly, the eight genes of the VEGFR and PDGFR (vascular endothelial growth factor and platelet-derived growth factor receptors) families map to three of the four paraHOX clusters, and they probably derive from duplications of the single ancestral paraHOX locus as well as local duplications within the paraHOX loci (table S3) . The common ancestry of PDGFR and VEGFR families is supported by the Drosophila kinome, which contains two genes whose sequences are intermediate between those two families (4).
We mapped all kinase genes to chromosomal loci to look for origins of kinase expansions and to link kinases with known disease loci. The map was created using the Celera and public genome assemblies and literature references (table S2) . Although the overall kinase distribution is similar in density to that of other genes, many pairs of closely related genes from the same families map closer to each other than expected by chance, indicating that they may have arisen through local chromosomal duplications (table S3). Seven pairs are within 30 kb of each other, all in tandem orientation. Another six pairs are within 1 Mb of each other, and 15 more within 10 Mb. In all, 66 genes map unusually near to close paralogs, indicating that at least 6% of kinases may have arisen by local duplications. Most of these genes are from families that are highly expanded in human compared with worm and fly, further supporting a recent origin. The multigene duplications are thought to have arisen mostly during early vertebrate evolution, but some local duplications may also have happened at this time. For instance, the clustering of PDGFR␤ and CSF-1 receptor (c-fms) genes is conserved in pufferfish (20) .
Chromosomal Mapping and Disease
The knowledge of the exact chromosomal locations of genes afforded by the complete human genome assemblies is increasingly valuable in pinpointing candidate disease genes within loci that are associated with specific diseases. Comparison of the kinase chromosomal map with known disease loci indicates that 164 kinases map to amplicons seen frequently in tumors (21) and 80 kinases map to loci implicated in other major diseases (table S2) . Although each locus covers many genes, these data provide entry points for studying both the function of these kinases and their potential as the causative principle of these diseases. The role of kinases as biological control points and their tractability as drug targets make them attractive targets for disease therapy.
Catalytically Inactive Kinases
Several ePK domains are known to lack kinase activity experimentally, and these have been postulated to act as kinase substrates and scaffolds for assembly of signaling complexes (22) (23) (24) . Our sequence analysis shows that 50 human kinase domains lack at least one of the conserved catalytic residues (Lys (table S5) and are predicted to be enzymatically inactive. Twenty-eight inactive kinases belong to families where all members are inactive in human, fly, and worm, and even in yeast. Thus, surprisingly, nearly 10% of all kinase domains appear to lack catalytic activity. However, these domains are otherwise well conserved and are likely to maintain the typical kinase domain fold. This suggests that this domain can have generalized noncatalytic functions; it is also possible that they use a modified catalytic mechanism that does not require these residues. This has been shown for the Wnk family, where Lys 13 is thought to replace Lys 30 in adenosine triphosphate (ATP) binding (25) . The 50 "inactive" kinase domains fall into three main categories. First are domains that may act as modulators of other catalytic domains. GCN2 and JAK ( Janus kinase) family kinases have dual ePK domains, one of which is inactive and may regulate the active domain (26) . Similarly, the inactive ePK domain of receptor guanylate cyclases (RGCs) is thought to regulate the activity of the neighboring guanylate cyclase domain, in a manner that is modulated by ATP binding and phosphorylation (27) .
Second are other kinases with high similarity to the canonical ePK domain profile. These include the Ras pathway scaffold proteins KSR (kinase suppressor of Ras) (23) and the previously undescribed KSR2, titin, ILK (integrinlinked kinase), PSKH2 ( protein serine kinase H2), and unpublished kinases from the STLK and Trbl families. The scaffold protein CASK (calcium/calmodulin-dependent serine kinase) contains an inactive protein kinase domain and an inactive guanylate kinase domain, both of which act as protein-protein interaction domains (28, 29) . This group also contains several RTKs where an inactive kinase may dimerize with and act as a substrate of another RTK: Ryk, CCK4, the ephrin receptors EphA10 and EphB6, and ErbB3 (24) .
Third is a group whose members have very weak similarities to the kinase domain profile, and may have quite divergent functions. Of 37 "weak" kinase domains (whose kinase HMM E-value score is greater than 1e-30), 26 lack one or more catalytic residues. Note, however, that other weakly scoring kinases have been shown experimentally to have catalytic activity, including Bub1 (e-11 E value), VRK1 (e-10), PRPK (e-5), and haspin (e-3) (30 -33) .
Other Functional Domains in Protein Kinases
Most protein kinases act in a network of kinases and other signaling effectors, and are modulated by autophosphorylation and phosphorylation by other kinases. Other domains within these proteins regulate kinase activity, link to other signaling modules, or subcellu- Most of the 58 RTKs, 12 receptor serinethreonine kinases, and five receptor guanylate cyclases also have recognizable ligand-binding and other extracellular domains, along with clear signal peptides and transmembrane regions. Several nonreceptor tyrosine kinases are also targeted to the membrane by lipidation or protein-protein interactions. Three kinases are targeted to the endoplasmic reticulum, five or six are likely to be mitochondrial, and most of the rest are thought to be cytoplasmic, nuclear, or both.
Two hundred and sixty kinases contain no additional Pfam domains. Many are small proteins containing little more than an ePK domain and may be controlled by additional regulatory subunits, such as cyclins, which control CDK activity. Others contain conserved sequences that have not yet been classified as domains and whose functions are unknown.
Thirteen kinases have dual ePK domains, in which both domains appear to be active [six ribosomal S6 kinase (RSK) family kinases and two Trio family kinases] or the second domain is inactive (the four JAK family kinases and GCN2). The two RSK domains are involved in a kinase relay: Erk phosphorylates and activates the CAMKgroup domain of RSK2, leading to autophosphorylation on a linker region that then allows PDK1 to phosphorylate and activate the second AGC-group kinase domain (34) .
Kinase Pseudogenes
The genome also contains many nonfunctional copies of kinase genes that are not expressed or encode degenerate, truncated proteins. These kinase pseudogenes are derived mostly from retroviral transposition and genomic duplications. Pseudogenes can confuse gene predictions, cross-hybridize with probes for functional genes, and contribute to disease by homologous recombination with their parental genes (35, 36) . We identified 106 pseudogenes containing similarity to the ePK domain or to an aPK (table  S4) ; several other pseudogene fragments that lack a kinase domain were found but are not included here. All but two pseudogenes have open reading frames (ORFs) interrupted by stop codons or frameshifts, which were verified by multiple independent sequence sources. These ORFs typically have high protein sequence similarity to a functional ("parent") kinase; most are partial gene fragments. The two putative pseudogenes with complete ORFs (CK2a-rs and STLK6-rs) lack introns and obvious promoters, are absent from EST databases, have Ͼ98.5% DNA sequence identity to their parents, and contain remnants of polyA tails in their genomic sequences. They are probably young processed pseudogenes whose sequences have not yet diverged.
Seventy-five kinase pseudogenes lack introns. Some are duplications of intronless genes or of single exons of larger genes, but most appear to derive from viral retrotransposition of a processed transcript. Additionally, some intron-containing pseudogenes such as AurAps2 contain some parental introns but lack others, and may result from retrotransposition of a partially spliced transcript. Twenty-nine kinase pseudogenes contain clear introns and probably arose by genomic duplication. In some cases, these are part of a large duplicon (2, 5) containing multiple duplicated genes. Such cases include two p70 ribosomal protein S6 kinase ( p70S6K) pseudogenes, which appear to arise from intrachromosomal duplications of the p70S6K locus. These duplications are 20 kb and 70 kb in length, and are 90 to 95% identical in DNA sequence to the original locus.
A few pseudogenes have no obvious human parent but have functional orthologs in rodents and probably indicate the decay of previously functional genes. They include the polo-like kinase SGK384ps, whose mouse ortholog is intact, and the human orthologs of rat guanylate cyclases CGD and KSGC.
Although pseudogenes appear to be evolutionary relicts, some may have some residual or cryptic function. Many pseudogenes are transcribed: 26 kinase pseudogenes are seen in cDNA and EST databases (table S4) , some represented by as many as 50 ESTs.
The prevalence of pseudogenes varies greatly between kinase families (Table 1) (table S4) . The MARK (microtubule affinity-regulating kinase) family kinases displays the largest ratio of pseudogenes to functional genes (28/4), followed by p70S6K (4/1), Erk3 (4/1), phosphorylase kinase ␥1 (3/1), and casein kinase 1␣ (3/1). Frequent copying of a gene by retroviral insertion might indicate a functional role for the gene in retroviral function, but no viral function or source for MARK genes is yet known.
Comparison with Sequence Databases
We compared our nonredundant set of cloned and predicted kinase protein sequences with the published predictions from Celera and public genome projects (2, 5) and with a recent release of the public GenPept database (10) . Figure 2 shows the extent to which the best match in each database agrees with our sequences. All three databases contain at least fragments of most kinases, but far fewer genes are in perfect agreement. In many cases the public sequences come from partial clones that lack the NH 2 -or COOH-termini (43 and 15 genes, respectively), often from large-scale sequencing projects that do not individually annotate sequences. In other cases, the public sequence has overextended the true start site where upstream stop codons are absent. We used similarity to rodent orthologs to trim sequences to a strongly predicted translational start site in nine cases. Other discrepancies come from sequencing errors, alternative splicing, and sequencing of partially spliced cDNAs. In all cases, our unique sequence is supported by strong sequence similarity to homologs or by cDNA cloning.
In some cases, our additional sequence greatly changes the predicted function of a gene, such as the addition of a predicted signal peptide to the Lmr1 tyrosine kinase; the previously published form of this gene (AATYK) was based on a cDNA lacking this domain, which created a cytoplasmic protein (37) . We also identified full-length forms of two related new genes, Lmr2 and Lmr3, which together form a new family of predicted receptor tyrosine kinases with vestigial extracellular regions. Their biological roles are currently under investigation.
Gene predictions from the public genome project (Ensembl) and Celera differ from those we obtained largely as a result of misprediction of exon boundaries and splitting of single genes into multiple predicted genes. Ensembl incorporates public sequence data from RefSeq and Swiss-Prot, giving perfect agreement with our sequences for many genes. The distance between the GenPept and Ensembl traces in Fig. 2 indicates the extent of recent new sequence publication from large-scale cDNA sequencing projects and individual cloning driven by genomic data. The Celera predictions were entirely computational, and so have very few perfect predictions. However, for genes not present in public databases, many Celera predictions agree better with our sequences than those from Ensembl (not shown).
A comparison with "known" protein kinases encounters several problems with overand under-classification of genes as kinases, as well as with partial sequences. GenPept contains multiple sequences for most kinases, many of which are partial fragments or contain multiple sequencing errors. It also contains chimeric genes such as the nonexistent zona pellucida kinase (38) . The proliferation of different names for the same kinase adds to the problem of creating an accurate nonredundant list of kinases. Ensembl and Celera predictions include several pseudogenes (36 and 29, respectively), and also annotate as kinases a number of genes that are homologous to noncatalytic regulatory subunits of protein kinase complexes or to kinases other than protein kinases.
All 518 kinases are found in at least one of the expressed sequence databases (dbEST, Incyte, and GenBank cDNAs), indicating that all are genuine, transcribed genes. Many kinases are expressed in low amounts in a restricted distribution, so the presence of all kinases in EST or cDNA databases implies that these databases contain fragments of most human genes.
Summary
The sequencing of the human genome has provided a starting point for the identification of most, if not all, human members of the eukaryotic protein kinase superfamily, and many atypical kinases. We used the published human genome sequences, combined with other sequence databases and directed cloning and sequencing of individual genes to discover, extend, or correct 125 kinase gene sequences, and define a nonredundant set of 518 human protein kinase genes. This set accounts for almost all human protein phosphorylation and collectively mediates most cellular signal transduction and many other processes. Comparative se- Fig. 2 . Comparison of our kinase protein sequences with the best matches in Celera, Ensembl, and GenPept databases. Each point shows the number of genes for which the percentage difference between our sequence and the database is greater than the value indicated. Insert table indicates number of sequences where differences between our sequence and closest database match is Ͼ2%, Ͼ50%, or Ͼ95%.
quence analysis and mapping predict function and possible disease association for many kinases, and give clues to their evolutionary origin. Comprehensive kinome-scale approaches are now feasible, including RNA and protein expression profiling, and highthroughput functional assays using constitutively active and dominant-negative kinase constructs. These will facilitate the study of the role of kinases in a wide range of biological processes, and the development of selective inhibitors and activators for research and therapeutic purposes.
This large and well-curated sequence set also casts a light on the current state of human genome analysis. All 518 genes are covered by some EST sequence, and ϳ90% are present in gene predictions from the Celera and public genome databases, although those predictions are often fragmentary or inaccurate and are frequently misannotated (39) .
